Abstract-Electrical performance and defect characterization of vertical GaN P-i-N diodes before and after irradiation with 2.5 MeV protons and neutrons is investigated. Devices exhibit increase in specific on-resistance following irradiation with protons and neutrons, indicating displacement damage introduces defects into the -GaN and drift regions of the device that impact on-state device performance. The breakdown voltage of these devices, initially above 1700 V, is observed to decrease only slightly for particle fluence cm . The unipolar figure of merit for power devices indicates that while the on-resistance and breakdown voltage degrade with irradiation, vertical GaN P-i-Ns remain superior to the performance of the best available, unirradiated silicon devices and on-par with unirradiated modern SiC-based power devices.
I. INTRODUCTION

P
OWER electronics bridge electrical sources to loads, converting electrical power to the desired form depending on the point-of-use application. Silicon-based power devices have served a primary role in power electronics for many decades. Silicon devices utilized in power electronics, such as the insulated-gate bipolar transistor (IGBT), are now pushing fundamental material limits for power applications [1] - [3] , and improvements in performance have become incremental. As a result, there is now significant effort in developing wide-bandgap semiconductor devices for power electronics, with efforts largely focused on SiC-and GaN-based devices [3] - [12] . Great improvements in size, weight, efficiency, and power density of power conversion systems can be obtained by migration of power devices to wide-bandgap materials. GaN has seen significant research effort because of its attractive material properties; for example, large bandgap ( eV) and associated high critical breakdown field ( MV cm [13] ) result in a unipolar figure of merit (UFOM) [1] , [14] superior to that of Si and even better than that of SiC. Despite these desirable properties, the lack of high-quality substrates has necessitated the fabrication of GaN-based devices on non-native substrates, primarily Sapphire, Si, and SiC, leading to devices with high threading dislocation density (TDD) due to the strain resulting from lattice-mismatched growth. Additionally, GaN lateral devices such as high-electron mobility transistor (HEMT) structures show great promise for RF and power applications, but they suffer from parametric instability following both on-and off-state stress conditions [15] - [20] . Consequently, the argument in favor of vertical devices in GaN parallels that for Si and SiC-based devices: vertical devices benefit from smaller area per device, higher device yield, increased breakdown voltage, and larger current drive in comparison to lateral device structures.
This work investigates electrical performance of high-quality, low TDD ( -cm ) vertical GaN P-i-N diodes exposed to 2.5 MeV protons and neutrons. We focus on standard device operation in thejunction and examine how device behavior in these regions changes when defects are introduced following exposure to energetic protons and neutrons.
Prior to irradiation, the drift region of these devices exhibited net carrier concentration at room temperature between and cm . Spectroscopic techniques show the presence of defect levels at 2.88 eV below the conduction band minimum, with concentrations of the same order of magnitude as the intended doping. The -eV level is similar to a defect level observed previously [21] and is frequently observed in -GaN MOCVD grown samples. The breakdown in these devices is observed to be non-destructive and is shown to be consistent with impact ionization avalanche processes, with temperature dependence proportional to . Reverse -characteristics of devices irradiated with 2.5 MeV protons and neutrons exhibit a reduced breakdown voltage; while heavily irradiated devices show increased leakage current prior to breakdown. On-state performance is shown to degrade in these devices with the specific on-resistance ( ) of devices increasing by m -cm for neutron irradiated samples and over -m -cm for proton irradiated samples. Following irradiation with protons or neutrons, all devices exhibit 0018-9499 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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performance whose figure of merit remains superior to that of un-irradiated silicon and on-par with state of the art SiC power devices.
II. DEVICE GEOMETRY The devices investigated in this work have been discussed previously in [13] , [22] , and [23] . Fig. 1 shows a schematic of the GaN P-i-N diodes discussed here. Devices were grown by metal-organic chemical vapor deposition (MOCVD) on pseudo-bulk GaN substrates grown by hydride phase vapor epitaxy (HPVE) with TDD between and cm . The device structure was optimized for power electronics applications with of m -cm , a low-doped drift region with net doping ( -) of -cm with thickness of m, and breakdown voltage ( ) between 1200-1800 V. To first order, the planar junction breakdown voltage is dependent on the doping as (1) where is the free carrier concentration of the intrinsic or drift region [14] , [24] . The isolation region is comprised of field rings formed by nitrogen implantation of -GaN. The isolation region is patterned to create field rings optimally spaced to support a large electric field under reverse bias and enable the desired breakdown voltage that approaches the planar junction limit for a given region doping and thickness. Fig. 2 shows temperature-dependent forward -curves of a 1700 V breakdown P-i-N diode. The turn-on voltage ( -V at ) is observed to decrease with increasing temperature, leading to higher current density at elevated temperature for equivalent forward voltage. The diode equation is commonly presented as (2) where is elementary charge, is the ideality factor, is the Boltzmann constant, and is the temperature. Devices exhibit three distinct regions, indicating an ideality factor of at low currents (suggesting generation-recombination models are required for understanding current-voltage behavior of the device below the turn-on voltage), a second region where indicating more idealistic diode behavior, and a series resistance region at high currents. Analysis of the forward -characteristics in Fig. 2 yields a minority carrier lifetime ( ) of approximately 5 ns at , consistent with previous results reported in [13] .
III. DEVICE PERFORMANCE AND CHARACTERIZATION
A. ON-State Performance
By analyzing the ohmic region of Fig. 2 a relationship between and temperature can be obtained. In Fig. 3 , is observed to decrease monotonically between and . The resistivity of the region is expected to increase, although not significantly. Instead, the decrease in with increasing temperature is associated with decreased resistivity of the -GaN layer and decreased contact resistance at the ohmic -contact of the device anode [13] . The devices are observed to support current densities of A cm at 4 V and during DC operation. , this device exhibits a repetitive, non-destructive breakdown process with kV, which is representative of all the devices reported in this work. We define reverse breakdown as a reverse current exceeding a total current threshold of A, and also note that additional measurements limiting the reverse current to 20 mA (not shown) had no impact on the repeatability or non-destructive nature of the measured values of . The reverse -curves in Fig. 4 show that for increasing temperature there is a corresponding increase in and leakage current. The increase in leakage current with increasing temperature and bias is consistent with generation-recombination currents due to the expansion of the depletion region near the -junction. These results are consistent with previous work on a similar class of device [13] . Reverse -characteristics were measured ten times consecutively at each temperature to study variability of the breakdown process in these devices. The results found variation in to be negligible with a variability of less than 2 V.
B. OFF-State Performance
The breakdown voltage dependence on temperature is plotted in Fig. 5 and shows that for increasing temperature there is a corresponding increase in breakdown voltage. The observed temperature dependence of is characteristic of a carrier-phonon scattering limited process in the high electric field drift region of the device and supports the hypothesis that the breakdown mechanism is indeed impact-ionization-induced avalanche breakdown [13] .
IV. IMPACT OF DISPLACEMENT DAMAGE ON ELECTRICAL PERFORMANCE AND DEFECT CHARACTERIZATION
Typical 1700 V breakdown voltage devices, described above, were packaged in TO-18 metal cans and subsequently exposed to either 2.5 MeV protons or 1 MeV equivalent (in silicon) neutrons while unbiased. Proton irradiation experiments were performed at the Ion Beam Laboratory at Sandia National Laboratories, and neutron irradiation experiments were performed at the Annular Core Research Reactor at Sandia National Laboratories. Neutron fluences are reported as the equivalent fluence of 1 MeV neutrons in silicon. Devices were exposed to a proton fluence between and cm and a neutron fluence of cm . The irradiated fluence used in this work was chosen to introduce a defect concentration comparable to the initial free carrier density ( cm ) in the lightly-doped drift region, as calculated using the Stopping and Range of Ions in Matter (SRIM) [16] simulation. Devices were measured using a high voltage current probe configuration within ten minutes after irradiation; we do not consider either short-term or long-term annealing effects in this work. Following irradiation, forward and reverse -characteristics were recorded at room temperature and analyzed while noting changes in and . Changes in device operating characteristics are subsequently compared to unirradiated devices using the UFOM discussed in the previous section.
A. Impact for GaN PiN On-State Performance
In Fig. 6 , we plot the on-state device response following proton irradiation for an unirradiated device, and devices exposed to proton fluences of cm and cm . Compared to the unirradiated device, the on-state condition of the irradiated devices shows a larger series resistance. Following the methods used in Section III, we analyze the change in for proton and neutron irradiated devices. The results are shown in Fig. 7 .
The change in indicates a change in the limiting on-resistance of the device. For increasing proton fluence, there is a sizeable increase in . We note the nominal for these devices is approximately -m -cm -for a typical device used in this work. Following proton irradiation, the of devices increases by an order of magnitude from m -cm -up to about m -cm -for devices at cm , and up to about m -cm at cm . Additionally, the is observed to increase monotonically with increasing proton fluence. Similarly, neutron irradiated devices exposed to a fluence of cm exhibit a of m -cm , which is significantly smaller than the proton irradiated devices shown in Fig. 7 . The smaller response to neutrons is believed to be due to the fact that the kinetic energy deposition, and hence the concentration of defects produced, per unit particle fluence is greater for 2.5 MeV protons than for 1 MeV neutrons. For silicon and GaAs, this ratio is 30 and 72 respectively [25] , [26] . We calculate the damage ratio of 2.5 MeV protons to 1 MeV neutrons in GaN to be 40.
At the device level, increase in indicates a reduction in electrical conductivity due to defect introduction. Radiation-induced defects reduce electronic mobility by increasing scattering centers within the drift region, reducing hole conductivity in the -GaN, and decreasing free carrier densities by introducing compensating defect centers. The current carrying capacity of power devices is a critical performance factor when evaluating device operation criteria. These results indicate that the impact of proton and neutron irradiation on the on-state conduction of vertical GaN P-i-N diodes is an important consideration when assessing their radiation response.
B. Impact for GaN PiN Off-State Performance
Reverse -characteristics of a single device are shown before and after proton irradiation to fluences of cm and cm in Fig. 8 . As discussed in Section III, breakdown voltage is defined here as a reverse current exceeding A in magnitude.
There are three observations of importance when analyzing the curves in Fig. 8 . First, the reverse leakage current before and after irradiation does not increase above the minimum resolution of our measurement system for low reverse-bias conditions. Second, for proton fluence cm , -is relatively small ( ), and remains greater than 1500 V. Reverse breakdown characteristics retain a sharp activation, indicating that the breakdown mechanism remains the same as in unirradiated devices. These devices continue to exhibit a non-destructive breakdown, and successive measurements indicate that the breakdown voltage varies by less than 5 V. Soft breakdown only occurs at the highest proton fluence of cm where we define breakdown as a reverse current exceeding A. Lastly, following irradiation, the device exhibits increased leakage at reverse bias conditions greater than -900 V when irradiated to a fluence of cm . This leakage current is not present in the device prior to irradiation or at a lower fluence of cm . Four devices were tested to proton fluence in excess of cm with the behavior shown in Fig. 8 being characteristic of each sample. The largest proton dose leads to an increased reverse leakage current prior to device breakdown, suggesting that both Shockley-Read-Hall (SRH) [27] - [29] generation and the applied electric field play a strong role. These observations are consistent with field-enhanced emission from deep levels contributing to increased leakage prior to breakdown after proton irradiation [30] . The results indicate that for increasing fluence there is a monotonic but gradual decrease in the breakdown voltage of the device. With increasing particle fluence, there is also a corresponding increase in radiation-induced defect concentration in the drift region. The build-up of defects can act as scattering, recombination, and compensation centers that impede nominal device operation. Therefore, it is expected that radiation-induced defects in these devices cause degradation of device breakdown voltage and reverse -characteristics, as shown by Figs. 8 and 9 . Nonetheless, and recoverable breakdown characteristics prove to be robust up to cm proton fluence and cm neutron fluence, demonstrating reliable electrical performance of vertical GaN power devices in harsh environments where displacement damage is a principal concern for device operation.
C. Figure of Merit Performance
When evaluating the performance of power devices, the UFOM [1] , [14] is a well-established standard for comparison of devices that illustrates performance benefits of different devices types and the advantages of moving to different materials, such as wide-bandgap semiconductors. The UFOM can be expressed as (3) where is the device breakdown voltage, is the specific on-resistance, is permittivity, is electron mobility, and is the critical electric field for breakdown processes in the material. For GaN, is greater than MV cm, whereas for SiC the value is closer to MV cm [2] , [3] , [6] , [13] . In Fig. 10 we have plotted the UFOM for a set of initial, unirradiated devices, shown as solid symbols. Each symbol type corresponds to an individual device before (solid symbols) and after irradiation (open or modified symbols). Use of a symbol multiple times indicates the device was irradiated and the response characterized multiple times. An ideal device would have a low and high , aligning far to the bottom right of Fig. 10 . Solid lines indicate fundamental material performance limitations for power devices based on silicon, SiC, and GaN [3] , [6] , [14] , [22] . We note that our devices all initially exhibit and far superior to the best silicon devices available, as indicated by the red line in Fig. 10 representing the best possible performance from a silicon-based device, and better even than the fundamental material limits of SiC-based power electronics, shown by the blue line in Fig. 10 .
Following irradiation with protons and neutrons, we observe an increase in and modest decrease in , as shown by the open symbols in Fig. 10 , impacting on-and off-state device performance, respectively. This results in shifting the devices' position in the UFOM chart slightly to the left and up. Despite moving in a direction opposite to the desired one for power devices, the characteristics following irradiation with protons and neutrons indicate performance that remains superior to the best possible performance from silicon-based power electronics, shown by the red line in Fig. 10 , and on-par with the performance of modern unirradiated SiC-based power devices, as indicated by the blue line in Fig. 10 . Since Si-and SiC-based devices will certainly undergo radiation-induced degradation [31] - [34] it is expected that these GaN P-i-N diodes will retain their performance advantages relative to Si and SiC power devices in a radiation environment.
D. Characterization of Deep-Level Defects
Next we investigate the implications of as-grown and radiation-induced defects on device performance using a combination of deep level optical spectroscopy (DLOS) [35] - [37] and lighted -techniques [38] . We choose to limit this investigation to the case of a proton irradiated device exposed to a fluence of cm . This represents a situation where device performance was significantly impacted and C-V techniques yield useful information regarding the state of the device. Fig. 11 . DLOS spectra show the presence of deep levels in the drift region of the device before and after irradiation with 2.5 MeV protons. Defect levels at 2.14 and 2.88 eV are observed to be broad prior to irradiation, indicating strong lattice relaxation upon carrier emission from these states. Following exposure to protons, DLOS spectra show an increase in spectral response and broad defect levels throughout the large bandgap of GaN in these devices. Fig. 11 shows the optical excitation spectrum of defects in the region of the vertical GaN --diode obtained using DLOS. Prior to irradiation, three distinct defect levels are observed at energies relative to the conduction band minimum and eV with total defect density of cm for all defect levels, indicating that the drift region is compensated heavily by deep acceptors. Following exposure to 2.5 MeV protons, the DLOS spectrum shows an increase in the spectral response of defects near mid-bandgap, as well as multiple defect levels from midgap to the valence band edge in these devices. Fig. 12 shows a corresponding lighted -measurement on the same sample and indicates the degree of carrier compensation associated with the as-grown defect levels prior to irradiation (solid lines). The pre-irradiation lighted -sweep taken under 3.25 eV illumination shows significant increase in the net ionized donor concentration. This is due primarily to photo-stimulated delocalization of carriers from deep levels. From steady-state photocapacitance (not shown), the 2.88 eV deep level was observed to be the dominant defect center with the largest concentration. These data demonstrate that the 2.88 eV defect center is the primary compensator prior to irradiation. Following irradiation with protons, Fig. 12 shows that the device is further compensated due to the introduction of additional deep acceptors in the material, as indicated by the reduction in net carrier density under dark conditions (black curves). The increase in net doping measured under 3.25 eV illumination after irradiation (red curves) suggests the introduction of deep donor levels in the device as well.
According to Eq. (1), the device breakdown voltage should increase if the free carrier concentration is reduced by compensating defects. However, the reverse trend of reduced was observed, suggesting that a competing mechanism dominates the device response. The introduction of deep-donor states in the -GaN field rings would compensate the free hole concentration and result in altered electric field profiles under large reverse bias conditions. Lateral control of the electric field profile in these devices is a critical parameter responsible for achieving Fig. 12 . Lighted -measurements show the net carrier concentration is highly compensated by deep levels before and after irradiation. For each sweep, the sample is illuminated with monochromatic light with photon energy corresponding to the saturation level of defect states observed in the DLOS spectrum of Fig. 11 . The sample is shown to be highly compensated before exposure to radiation with a net trap density of cm for all defect levels (solid curves). After irradiation (dashed curves), the device is further compensated due to the introduction of acceptor-like states in the material. The increase in lighted -at 3.25 eV after irradiation suggests the introduction of deep donor levels.
non-destructive, high
. Reducing the hole concentration sufficiently through compensating defects would lead to a nonoptimal electric field profile near the field ring edges and could result in a reduced breakdown voltage.
V. CONCLUSIONS Electrical performance and defect characterization of vertical GaN --diodes before and after irradiation with 2.5 MeV protons and neutrons is investigated. The breakdown mechanism of high-quality, low-threading dislocation density, vertical GaN --diodes is impact-ionization-induced avalanche breakdown, consistent with previous reports on identical devices. Irradiated devices exhibit degradation in and , indicating that both on-and off-state performance is impacted by radiation-induced defects within the lightly doped drift region of the device. The on-state performance is observed to degrade following irradiation with protons, with increasing by a factor of more than ten. Nonetheless, off-state performance was observed to be quite robust for proton fluences up to cm and neutron fluences up to cm . At and below these fluences, avalanche breakdown remains abrupt and recoverable, and the breakdown voltage is reduced by less than 20% from the initial value of 1700 V.
The lightly doped drift region of these devices is highly compensated prior to irradiation, with several prominent deep acceptor levels obtained from DLOS spectra. Following irradiation with 2.5 MeV protons, lighted -measurements show the introduction of additional deep acceptor and donor levels in the drift region of the device with defect densities on the same order of magnitude as the intended doping. Changes in carrier concentration due to the introduction of acceptor-and/or donor-like defects following irradiation are likely to affect the breakdown voltage of the device. However, the exact nature of the change depends on the material layer in which the defects form, and on the way this affects the internal electric field distribution. Reduction in the hole concentration of the -GaN field rings would lead to an altered electric field profile near the field ring edges and could explain the observed reduction in breakdown voltage following irradiation.
The unipolar figure of merit for power devices indicates that while the specific on resistance and breakdown voltage degrade with irradiation, vertical GaN P-i-Ns remain superior to the performance of the best available silicon devices and on-par with unirradiated modern SiC-based power devices. Thus, the GaN devices studied here show great promise for application in harsh radiation environments, such as spaceborne power supply systems.
